A chiral, crown-ether-functionalized bisurea gelator forms supramolecular gels in ionic liquids. The resulting ionogels show a remarkably high thermal stability with gel-sol transition temperatures (T gs ) reaching more than 100°C. The mechanical strength of these ionogels is surprisingly high and even comparable to that of cross-linked protein fibres. Furthermore, the ionogels exhibit rapid self-recovery properties after structural damage caused by deformation. Pseudorotaxanes form from the gelators' benzo[21]-crown-7 ethers as the wheels and secondary ammonium ions as the axles despite the competition between that cation and the imidazolium ions of the ionic liquid for crown ether binding. Pseudorotaxane formation as an external chemical stimulus triggers the gel-sol transition of the ionogels.
Introduction
Low molecular weight gelators (LMWGs) represent an interesting type of soft materials which have received considerable attention due to their reversibility and often easy-to-control stimuli responsiveness.
1 Numerous responsive LMWGs have been applied in drug or protein delivery, 2 catalysis, 3 self-recovering materials 4 and many other applications. 5 However, designing new types of LMWGs and predicting their gelation behaviour remain challenging. Earlier studies were often based on serendipitous discovery of new gelators or on the structural optimization of already known gelator lead structures. 6 As the solvent has a major influence not only on the gelator's solubility, but also on the non-covalent interactions connecting the individual molecules to form a fibrous network, the environment has a major impact on gelation. Apart from the most frequently tested solvents such as water or the conventional organics, ionic liquids 7 -although employed in many diverse areas -have been only rarely used in gel chemistry. They have been widely recognized as a new generation of green solvents due to their unique physical properties, including negligible vapour pressure, high thermal stability, non-flammability, and exceptional electrochemical properties. 8 These characteristics have endowed them with a broad range of applications in science, technology and industry, such as organic synthesis (e.g. solvents, catalysis), engineering (e.g. coatings, lubricants), electrochemical devices (e.g. electrolytes, solar cells) and biological use (e.g. as active pharmaceutical ingredients).
9
Ionogels are gels that form in ionic liquids, which can for example be achieved by polymerization or classical sol-gel processes. 10 They keep the main properties of ionic liquids, but prevent them from flowing, thus greatly expanding their scope of applications. 11 The investigation of LMWG-based ionogels began only recently, 12 compared to the tremendous progress made with the low-molecular-weight hydro-and organogelators. 13 The LMWG-based ionogels reported so far have great potential in that they combine the advantages of ionic liquids with the particular mechanical properties of supramolecular gels. 14 However, the stimuli responsiveness of the most known ionogels has so far been restricted to thermally reversible 15 and photo-responsive ionogels.
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Also, the mechanical strengths of LMWG-based ionogels are usually far from that required for practical uses. From the point of view of material applications, it is challenging to integrate simple processability, stimuli-responsiveness and mechanical properties into a single ionogel.
Recently, we designed and synthesized the benzo [21] crown-7-functionalized LMWG 1 (Scheme 1). It is based on a bisurea scaffold 17 which exhibits quite impressive gelation abilities in a number of organic solvents, particularly in acetonitrile. 18 Here, we report the finding that this crown-ether-functionalized chiral bisurea derivative forms ionogels with different ionic liquids and is thus the first macrocycle-functionalized gelator used in this context. Employing ionic liquids not only significantly increases the mechanical strength of the resulting gels to levels far beyond those observed in organic solvents such as acetonitrile, but also creates ionogels exhibiting unusually rapid self-recovering properties. Furthermore, the molecular recognition properties of the crown ether can be used to generate ionogels responsive to chemical stimuli.
Results and discussion

Gelation study
Several studies correlated the gelling power of LMWGs to the solvent polarity 19 as expressed in Reichardt's E T (30) polarity scale. 20 We found that the E T values for the organic solvents gelled by 1 range from 36.0 to 55.4 kcal mol −1 (Fig. 1 ). This range also includes ionic liquids, e.g. IL-1 with its E T value of 52.3 kcal mol −1 that is more at the upper end of the E T window of gelation. 21 Therefore, we suspected our crown-equipped gelator to be able to form gels in ionic liquids.
The gelation behaviour of 1 was evaluated in four different ionic liquids (Table 1 ). The critical gelation concentration (CGC) of 1 in IL-1, below which no gel forms, is 1.14 wt%. Qualitatively, gelation is also observed when the imidazolium alkyl chain is elongated (IL-1 vs. IL-2), when the hexafluorophosphate counterion is replaced by triflimide (IL-2 vs. IL-3) or when the cation is changed to pyrrolidinium (IL-4). Quantitatively, the critical gelation concentrations differ somewhat depending on these changes. In IL-2, gelator 1 is most potent with a relatively low CGC of 0.47 wt%. This value is even comparable with many efficient polymeric gelators. 22 In IL-4, which bears the pyrrolidinium cation, the gelator showed only a moderate gelation ability (CGC = 2.92 wt%).
Thermostability
All ionogels display thermal reversibility. They melt upon heating and turn back into a gel upon cooling. This indicates that the LMWGs self-assemble into the typical gel networks that were already observed for gelator 1 in organic solvents. 18 A quite high thermostability of the ionogels is expressed in the gel-sol phase transition temperatures T gs , which reach values significantly higher than 373 K at increased gelator concentrations (Fig. 2a) . This thermal stability suggests that these ionogels can be used as quasi-solid ionic materials even at relatively high temperatures.
With the Schröder-van Laar equation (eqn (1)), the melting enthalpies ΔH m can be calculated from the slope of a semilogarithmic plot of ln X g over T −1 (Fig. 2b ). 23 X g in this equation is the molar fraction of the gelator in the ionic liquid and ΔH m the melting enthalpy of the gel. Quite substantial values are obtained, which are likely due to the strong cationanion attraction in the ionic liquids.
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FT-IR characterization and gel morphology
The urea functionality has been widely used in LMWGs, because it provides a convenient 1D directionality and strong intermolecular hydrogen-bonding interactions. 25 Therefore, Fourier-transform infrared (FT-IR) spectra were recorded to probe the hydrogen bonding in the ionogels. As summarized in Table 2 , all ionogels exhibit similar N-H stretch bands ranging from 3316 to 3329 cm −1 and amide-I bands around 1616 cm −1 , indicating the existence of rather strong intermolecular hydrogen bonding between the urea groups even in the ionic liquid. 26 This is in agreement with earlier studies of this Scheme 1 Chemical structures of macrocycle-functionalized gelator 1 and the ionic liquids IL-1 to IL-4 under study here. gelator in acetonitrile and other organic solvents that showed that PF 6 − does not interfere with these hydrogen bonding interactions.
1f,18
Unlike gels in conventional solvents, direct observation of the morphology of the ionogels by electron microscopy or atomic force microscopy is not straightforward, due to the high boiling points of the ionic liquids. So far, the morphologies of ionogels as reported by others have been determined after a careful exchange of the ionic liquid by suitable organic solvents. 10a,12 Previously, atomic force microscopy (AFM) was performed on gels of both enantiomers of 1 in acetonitrile and this resulted in images showing numerous entangled fibres forming cavities in which the solvent is trapped. According to the presence of analogous strong hydrogen bonding, we infer from the previous studies that such fibrous network structures are present also in the ionogels under study.
Rheological characterization and SANS and SAXS experiments
The mechanical properties of the ionogels and the reversibility of their changes are two of the most important factors to be considered for practical and sustainable applications. Therefore, all ionogels were examined using a Malvern (Bohlin) Gemini rheometer employing a plate-plate geometry at a constant temperature of 25°C (for details see ESI †). In order to determine the range of linear viscoelastic behaviour, we performed strain-amplitude sweeps on the gel samples. All ionogels studied exhibit elastic responses. The storage moduli G′ decrease rapidly above critical strains of 0.5-1%, indicating a strain-induced collapse of the gel state ( Fig. 3a) and the corresponding nonlinear viscous behaviour in that range. The critical strain of the tested ionogels does not depend much on the type of ionic liquid, and varies only slightly from one to another. Accordingly, the oscillatory shear experiments were done for a fixed deformation of 0.5%. The obtained storage a All spectra are recorded at room temperature using the spectrum of the pure ionic liquid as the background for subtraction. moduli G′ and loss moduli G″ of all the gel samples are plotted against the frequency (Fig. 3b) , and G′ was constantly greater than G″ for the entire range of frequencies. This shows that all the gels are dominated by their elastic properties, show the typical behaviour of a Bingham fluid 27 and possess a yield stress (in our case of 6-60 Pa for the different ILs), which is usually observed for gel materials.
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G′
Interestingly, the mechanical strength of the ionogels is significantly higher than that of gels of 1 in conventional organic solvents (Fig. 4) . The gel in acetonitrile exhibits a moderate mechanical strength with a storage modulus G′ reaching 2000 Pa at a concentration of 40 mM (3.6 wt%). 10 In marked contrast, G′ of the ionogel of 1 in IL-1 reaches a 15-fold higher value of 30 000 Pa already at a concentration of 30 mM (1.5 wt%). These values are substantially higher than those of physically cross-linked networks formed from F-actin filaments (10-500 Pa) 29 or other associated polymers, but less than those of collagen (∼1 GPa) or gelatin (∼1 MPa). The value of G′ further increased with an increase in the concentration of 1 and eventually reached 1.6 × 10 5 Pa at 60 mM (3 wt%, Fig. 4 and ESI, Fig. S1 †) . This value is exceptionally high and comparable with the G′ values of hydrogels based on cross-linked protein fibres 30 as well as ionogels based on polymeric gelators, 14 but here achieved by a process of self-assembly.
Consequently, network formation in ionic liquids IL-1 to IL-4 is more effective than that in acetonitrile. From the storage moduli, one can estimate an effective number density 1 N of elastic network points of one network point per (3.3-6.5 nm) 3 based on a simple network theory described by eqn (2). 31 This is a remarkably high effective cross-linking density and can be considered as the rheologically relevant structural size of the elastic network. It is interesting to note that for the highest gelator concentration of 60 mM the concentration of effective network points becomes 48 mM, i.e., here basically every gelator molecule stores about one kT elastic energy, this again showing the high elastic efficacy of this network. IL-1, however, appears to be particularly good for forming a network: the mechanical strength of the other ionogels is still significantly higher than those of the gel in acetonitrile, but much lower than that of the ionogel in IL-1.
In steady-shear measurements, a typical shear thinning for LMWGs is observed (Fig. 5) . The viscosity dramatically decreases (η = 10 5 Pa s → 10 0 Pa s) when the shear rate increases (γ = 10 −4 s −1 → 10 2 s −1 ), i.e., one has a scaling law η-γ −0.9 . Shear-thinning is characteristic of gels non-covalently assembled from LMWGs and is caused by the disruption of the non-covalent interactions and thus the fibre network at sufficiently high shear rates. Intriguingly, the ionogel of 1 in IL-1 exhibits a rapid recovery with a characteristic time of 150 s of its high viscosity after a breakdown induced by applying higher shear rates (Fig. 6) . The complete recovery was fully reproducible for at least eight cycles. To the best of our knowledge, this is the first observation of such a rapid recovery in an LMWG-based ionogel, although a similarly rapid recovery has been previously reported in several polymer based systems and in self-assembling surfactant systems. 32 We suggest that the rapid recovery is primarily caused by a shear-induced disruption of gel domains rather than disturbances of the local gel network. 
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Similar arguments have been put forward for other rapidly recovering gels.
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To obtain further insight into the structural organization of the ionogels, small-angle X-ray and neutron scattering (SAXS, SANS) experiments were performed on IL-1 (30 mM). However, due to the rather low contrast of the gelator and the ionic liquid, these experiments remained rather inconclusive with respect to the detailed structure. SAXS shows a q −2 dependence for the higher q-range of 0.1-1 nm −1 (ESI, Fig. S5 †) , which is rather unspecific, but could be interpreted such that the structural correlation length is of the order of ∼20 nm (see ESI † for details). At lower q (q < 0.1 nm −1 ) the SANS experiments show a steeper increase with a q −3.65 dependence (ESI, Fig. S6 †) .
Despite the fact that our SAXS and SANS data are quite noisy (due to the generally poor contrast) such a behaviour is in good agreement with observations on polymer hydrogels 34 and one may assume that our ionogels are structurally similar to such systems. In addition, the lack of peaks or pronounced scattering features shows that there are no more highly ordered structures in the size range of 2-100 nm.
Gel-sol transitions induced by molecular recognition
Most studies devoted to the effects of ionic liquids on the molecular recognition behaviour of supramolecules have been conducted in mixed solvent systems so far, while studies in pure ionic liquids are quite rare. 35 Benzo [21] crown-7 (BC7) is the smallest crown ether capable of forming pseudorotaxane structures with alkyl-substituted secondary ammonium ions (Scheme 2). 36 This recognition motif has been applied in the construction of elaborate supramolecular architectures.
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However, the formation of pseudorotaxane structures in pure ionic liquids has not been investigated so far. Gelator 1 is equipped with BC7 so that the gel-sol transitions might be triggered by pseudorotaxane formation upon addition of monovalent guest G1 to the gel. Before studying the stimulus-responsive behaviour of the gel, first the host-guest properties of G1 and BC7 in ionic liquids were examined. Isothermal titration calorimetry (ITC) is a powerful technique for measuring the thermodynamics and stoichiometry in solution.
38 ITC measurements using BC7
and G1 in the four ionic liquids resulted in the binding data summarized in Table 3 . 26 In IL-4, the K a value turns out to be significantly higher with 5300 M −1 . This indicates the nature of the cation to play a pivotal role, while the anion has only minor effects on pseudorotaxane formation. All cations can interact with the crown ether oxygen atoms through C-H⋯O hydrogen bonds with their polarized methyl and methylene groups. In addition, the electron deficient aromatic ring of the imidazolium cation can form π-donor-π-acceptor interactions with the electron-rich benzene ring of the crown ether. Competition between the aromatic imidazolium cations and G1 is thus more pronounced than that between the pyrrolidinium cation and G1. Overall, however, the formation of pseudorotaxanes is possible in the tested ionic liquids. It should thus be possible to trigger gelsol transitions of the ionogels under study by applying G1 as the external chemical stimulus.
Indeed, the addition of three equivalents of G1 is sufficient to trigger the gel-sol transitions (Fig. 7a ) in all four ionogels. The gel-sol transitions can be reversed by triethylamine (TEA) addition. Deprotonation of the secondary ammonium ion causes dethreading and the gel regenerates. In order to demonstrate pseudorotaxane formation to be the reason for the gel-sol transition, dibenzylammonium hexafluorophosphate has been used as a control. As the benzyl groups are sterically too demanding to thread through the crown ether, one would expect no gel-sol transition to occur as a pseudorotaxane cannot form. This is indeed the case (Fig. 7b) , so that we can safely conclude pseudorotaxane formation to be the reason for the gel-sol transition rather than a disruption of the urea-urea hydrogen bonding by the PF 6 − anions.
Conclusions
Gelator 1 is the first macrocycle-functionalized gelator for ionic liquids. It forms ionogels in a variety of ionic liquids, which combine very high thermal stability with gel-sol transition temperatures above 100°C with a surprising mechanical strength as expressed in storage moduli much higher than those determined for gels of the same gelator in typical organic solvents. Thus, a very effective gel network is formed. The storage moduli of the ionogels are even comparable with those measured for gels containing cross-linked protein fibres. Moreover, the ionogels under study revealed a rapid recovery after applying mechanical stress that disrupts the gel network, Scheme 2 The formation of pseudorotaxane structure based on BC7 and its secondary ammonium guest G1. an aspect that is due to the fact that the gel network is formed by a reversible process of self-assembly. Finally, the ionogels are stimuli-responsive: the crown ether can be utilized as a recognition unit for secondary ammonium ions that form pseudorotaxanes and thus trigger the gel-sol transition. By deprotonation and dethreading of the ammonium ion, the gel can be regenerated. To the best of our knowledge, gelator 1 is the first low-molecular-weight gelator that is addressable by external chemical stimuli. 
